Fiber reinforced polymer (FRP) is widely used in the construction industry for structural strengthening due to their outstanding mechanical properties. However, the production of synthetic fibers such as FRP is detrimental to the environment. Alternatively, natural fiber composite may be used as external strengthening material. This paper presents the potential of bamboo fiber composite plate (BFCP) to strengthen the reinforced concrete (RC) beams in flexure. The bamboo of species Dendrocalamus asper was used to produce the fiber and fiber-to-volume ratio was set at 2:5. The composite plate was fabricated by binding bamboo fibers with epoxy using a hand-lay-up method. The flexural and tensile strength of the BFCP was measured and all the beams were tested to failure under four-point bending test. It was found that BFCP exhibited a higher flexural and tensile strength compared to pure epoxy samples. Meanwhile, the RC beams strengthened using BFCP exhibited an increment of 10-12% in beam structural capacity compared to the un-strengthened beams. Bonding of BFCP in the flexure zone was able to divert the vertical cracks into diagonal at the edge of the composite plate. Findings from this work may serve as a useful guide to strengthen RC beams using a BFCP.
Introduction
Fiber reinforced polymer (FRP) is commonly used as external strengthening material owing to its outstanding characteristics such as high tensile strength, light-weight and easy to be installed on site. Therefore, many investigations were conducted to study the behavior of solid RC beam strengthened using FRP in flexure and shear [1] [2] [3] , beams with openings [4, 5] as well as in deep beams [6, 7] . However, the utilization of FRP is not environmentally friendly because it requires high energy to produce and it is non-biodegradable in nature. The aforementioned issue spurs research on the utilization of natural fiber from agricultural plants such as kenaf, jute, sisal as composite material, which is eco-friendly and cost-effective. Recently, various investigations were performed on kenaf fiber [8] , jute [9, 10] , PALF [11] and mengkuang leaves [12] composite to study their mechanical properites as well as their potential as external structural strengthening material. However, the use of bamboo fiber, especially as a bamboo fiber composite plate for structural strengthening is still limited. Bio-composites made of bamboo fibers are considered as green and environmentally responsible eco-products [13] . It is also reported that bamboo fiber epoxy-reinforced composites with a fiber to volume ratio of 2:5 exhibited the highest flexural strength [14] , and hence similar composition was used in this work. This paper presents the behaviur of RC beams strengthened using bamboo fiber from species Dendrocalamus asper (vernacular name: Betung) bonded with epoxy composite plate, aiming to determine their effectiveness as external strengthening material for structural strengthening in flexure.
Methodology
Preparation of Bamboo Fiber and Specimens. Bamboos aged 2-3 years old were harvested from Raub, Pahang. The bamboo was treated using 10% of sodium hydroxide (NaOH) for 48 hours, before roll-milled to obtain monofilaments fibers. The fibers then rinse with distilled water to eliminate impurities and oven-dried for 24 hours at 60 °C before further use. Fabrication of Bamboo Fiber Composite Plates. The bamboo fiber with fiber to volume ratio of 2:5 and epoxy resin were mixed for the fabrication of BFCP. Hand lay-up method was used whereby three layers of bamboo fiber were placed unidirectional with a layer of epoxy between them. The bottom and top of the steel mold were covered by a layer of epoxy before placing the bamboo fibers. It was then cured at room temperature (28 °C) for 24 hours, followed curing in oven for 4 hours at 110 °C prior to testing.
Preparation of Reinforced Concrete (RC) Beams. Ready-mixed concrete with compressive strength of 30 N/mm 2 was used in this study. The dimension of beams was 100 × 130 with a total length of 1600 mm. The control beam consisted two longitudinal high yield steel of 10 mm diameter in both compression and tension whereas reinforcement for shear link was 6 mm mild steel with spacing 300 mm from center to center along the beam length. Meanwhile, there was no shear reinforcement provided at the mid-span (flexural zone) for the unstrengthened and beams for strengthening purposes as shown in Fig. 1 . Bamboo Fiber Composite Strengthening System. The bottom soffit and surface of the RC beams were roughed and then cleaned with an air blower to remove the dirt and impurities. Sikadur®-30 was used to bond the bamboo fiber composite plate (BFCP) to the RC beams. To strengthen the flexural zone, the BFCP was placed on the mid-span of the beam at a distance of 610 mm away from the edge of the beam as shown in Fig. 1 . The BFCP used for external strengthening were in a dimension of 100 mm width, 450 mm in length and 6 mm thickness. BFCP was pressed out uniformly from the middle to the sides. The curing process required 7 days to achieve the strongest bonding effects. Tensile Test. Tensile test was performed according to ASTM D-3039 [15] standard. Six samples were prepared, including 3 neat epoxy plates and the remaining were BFCP. The tensile test was performed by using Universal Tensile Machine (UTM) of 50 kN capacity. The specimens were fabricated with a thickness of 5 mm and dimension of 25 mm (width) x 250 mm (length). The tensile specimens were positioned vertically in the grips of tensile machine. Uniaxial loads were applied through both ends of the specimen with a test speed of 5 mm/min. The test stopped when the samples fractured, and the ultimate tensile strength was recorded.
Flexural Test. Similarly, 6 samples of pure epoxy and BFCP were prepared in the dimension of, 12.7 mm width, 6 mm in thickness and 127 mm in length. The specimens were tested under ASTM D790-03 [16] . UTM was used to carry out the three-point bending test with the strain rate of 5 mm/min.
Four-point Loading Test. A total of 6 reinforced concrete beams were cast and tested, which include 2 solid or control beams denoted as CB1 and CB2. Two un-strengthened beams (UST-B1, UST-B2) as well as 2 beams for strengthening purposes (ST-B1, ST-B2). Linear Variable Differential Transducers (LVDT) were placed in the mid-span at the bottom soffit of the beam to measure the 466 Key Engineering Materials IX deflection. The beams were tested to failure using Universal Testing Machine (UTM) of 500 kN. Fig.  2 shows the schematic diagram of the loading system. Fig. 3 . The strong adhesion between the fiber and epoxy resin contributed to the high tensile strength; hence, it greatly improved the mechanical properties of the BFCP. 
Fig. 4 Comparison of specimens under flexural test
Four-point Loading Test. Referring to Fig. 5 , the solid control beam (CB 2) failed gradually after reaching the yield point at deflection of about 11 mm. It started to deform after achieving the ultimate load of 24.70 kN at maximum deflection of 19.5 mm. With the full shear link configuration, it exhibited ductile behavior in solid beam compared to other beam specimens. Un-strengthened beam (UST-B1) only managed to achieve an ultimate load of 21.43 kN with maximum deflection of 8.41 mm with a sharp decrease upon beam failure. There was a reduction in ultimate load of about 13% compared to CB2 due to the elimination of the shear link at the mid-span which significantly reduced the load carrying capacity of the control beam. Both the BFCP strengthened beams showed a higher load bearing capacity than the un-strengthened beam which was about 10% and 12% with the ultimate load of 23.65 kN and 23.98 kN respectively. The maximum deflection in BFCP strengthened beams also increased to 12.08 mm and 15.47 mm which were 44% and 84 % compared to un-strengthened beam which indicates good ductility in the beam due to BFCP strengthening. This signifies that the BFCP had effectively enhanced the beam capacity compared to the un-strengthened beam. In comparison, ST-B1 and ST-B2 were comparable to solid control beam with the strength ratio of 0.96 and 0.97. It only requires 3-4 % increment in load to restore the original structural capacity of the solid beam. Crack pattern of un-strengthened beam, UST-B1 is shown in Fig. 7 . It was observed that the vertical cracks were formed along the tension zone similar to that of CB2 whereby the vertical cracks were seen concentrated at the beam mid-span. The first cracks were formed at the load of 4 kN. No significant difference was traced in the crack pattern due to the removal of the shear link in the mid-span. The flexural cracks propagated up to the neutral axis of the beam and failed in bending upon beam failure. Fig. 7 Crack pattern of UST-B1 Fig. 8 shows the cracks pattern of strengthened beam using BFCP, ST-B1. Very few vertical cracks were observed at the mid-span of the beam unlike those in CB2 and UST-B1. The first crack was identified at the load of 4-5 kN which appeared at the edge of the composite plate. Diagonal cracks were eventually formed and elongated towards the neutral axis of the beam. The crack width increased from the support towards the loading point upon failure in shear. This proved that the application of BFCP had effectively diverted the flexural cracks into diagonal cracks which resulted in shear failure. 
Conclusions
Bamboo fiber composite plate (BFCP) exhibited a higher tensile and flexural strength compared to the pure epoxy samples. RC beams strengthened using BFCP exhibited an increment of 10-12% in beam structural capacity compared to the un-strengthened beams. Bonding of BFCP in the flexure zone was able to divert the vertical cracks into diagonal at the edge of the composite plate. Findings from this work may serve as a useful guide to strengthen RC beams using a BFCP.
